• Aquatic microcosms were used to study the transport and behavior of 22 AgNPs in model low and high ionic strength waters. 23 • Surface coating and solution chemistry has a major impact on AgNP 24 stability.
25
• UV-Visible spectrophotometry provided important information on the aggregation 26 and migration of the AgNPs. 27 • Experiments showed that PVP-coated AgNPs migrate via diffusion in all 28 conditions, whereas citrate-coated AgNPs follow both sedimentation and 29 diffusion dependent upon the aquatic environments. 30 Abstract 31 The role of surface coating (polyvinylpyrrolidone (PVP) and citrate) and water 32 chemistry on the fate and behaviour of AgNPs in aquatic microcosms is reported in 33 this study. The migration and transformation of the AgNPs was examined in low 34 (ultrapure water-UPW) and high ionic strength (moderately hard water -MHW) 35 preparations, and in the presence of modelled natural organic matter (NOM) of 36 Suwannee River Fulvic Acid (SRFA). The migration and fate of the AgNPs in the 37 microcosms was validated using a sedimentation-diffusion model and the 38 aggregation behaviour was monitored by UV-visible spectrometry (UV-vis). 39 Dissolved and particulate Ag concentrations (% Ag) were analyzed by ultrafiltration 40 methods. Imaging of the AgNPs was captured using transmission electron 41 microscopy (TEM). 42 Results indicate that PVP-coated AgNPs (PVP-AgNPs) remained stable for 28 43 days with similarly distributed concentrations of the PVP-AgNPs throughout the 44 columns in each of the water conditions after approximately 96 hours (4 days). The 45 sedimentation-diffusion model confirmed PVP-AgNP stability in each condition, by 46 showing diffusion dominated transport by using the original unaltered AgNP sizes to 47 fit the parameters. In comparison, citrate AgNPs were largely unstable in the more 48 complex water preparations (MHW). In MHW, aggregation dominated behavior 49 followed by sedimentation/dissolution controlled transport was observed. The 50 addition of SRFA to MHW resulted in small stabilizing effects, to the citrate coated 51 AgNPs, producing smaller sized AgNPs (TEM) and mixed sedimentation and 52 diffusion migration compared the studies absent of SRFA. The results suggest that 53 surface coating and solution chemistry has a major impact on AgNP stability, 54 furthermore the corresponding modeling will support the experimental understanding 55 of the overall fate of AgNPs in the environment. 56 57 58 59 60 1 Introduction 62 Silver nanoparticles (AgNPs) are commercially exploited for their antibacterial 63 and other properties (Benn and Westerhoff 2008) , (Piccinno, Gottschalk et al. 2012) . 64 Although there are uncertainties, some studies have found AgNPs to be potentially 65 toxic (Fabrega, Luoma et al. 2011 ) with adverse effects on biota(Navarro, Baun et al. 66 2008). Due to their extensive use in consumer products, it is also inevitable that 67 AgNPs will enter the aquatic environment (Benn and Westerhoff 2008) . 68 Environmental fate and exposure models indicate that the predicted environmental 69 concentrations (PECs) of AgNPs in surface waters will be in the range of ng to µg L -1 70 (Gottschalk, Sun et al. 2013 ). The quantities of NPs and rates of release will 71 influence environmental concentrations, and be heavily impacted by their 72 environmental behavior and transformations (Dale, Casman et al. 2015) . The fate of 73 the NPs is determined by key processes such as dissolution, aggregation, 74 sedimentation, deposition, and sulfidation (Lowry, Gregory et al. 2012 ), (Peijnenburg, Baalousha et al. 75 2015) . These processes are largely influenced by the chemical complexity of the 76 aquatic system such as ionic strength, pH and natural organic matter (NOM), and 77 also the nature of the NPs (Peijnenburg, Baalousha et al. 2015) . Deposition of AgNPs 78 onto solid surfaces will reduce the migration of the AgNPs in suspension and 79 influence their long term fate in the environment (Bae et al, 2013) . Aggregation will 80 increase particle size, reduce surface area and influence dissolution(Hotze, Phenrat 81 et al. 2010) resulting in settling and sedimentation dominated migration which is a 82 likely pathway for AgNPs. However, it has also been suggested that AgNPs can be 83 modified by NOM leading to prolonged persistence in surface waters(La Farre, Pérez 84 et al. 2008). Furthermore, capping agents are designed to increase colloidal stability 85 of the AgNPs by reducing the surface energy(Ju-Nam and Lead 2008), which 86 prevent interactions with the surrounding environment and avoid NP-NP interactions 87 reducing aggregation rates (Kvitek, Panáček et al. 2008 (Baalousha, Nur et al. 2013) , (Chen and Elimelech 2007) . However, sterically-stabilized AgNPs 93 are generally more stable than charge-stabilized NPs and are less likely to undergo 94 aggregation and sedimentation, even at high ionic strengths (Baalousha, Arkill et al. 95 2015) , (Hitchman, Smith et al. 2013) and often less prone to dissolution. 96 The aim of the current study is to produce a model to validate the environmental 97 fate and migration behavior of AgNPs by investigating their behavior in static water 98 'microcosms'. In particular, this paper reports the impact of water chemistry and 99 AgNP surface coating (citrate and PVP) on the fate of AgNPs over a period of 28 100 days. The concentration and aggregation behavior of AgNPs were measured by 101 atomic absorption spectroscopy (AAS) and UV-visible spectrophotometry (UV-vis). 102 The measured Ag concentrations were fitted using a diffusion-sedimentation 103 model (Hinderliter, Minard et al. 2010) , (Socolofsky and Jirka 2005) 146 the carbon membrane coating the TEM grid and the mica sheets for AFM. Both the 147 TEM grids and the mica sheets were then rinsed with UPW to remove excess water, 148 avoid NP aggregation and salt crystallization (Baalousha and Lead 2012) . 149 All TEM analyses were performed using a JEOL 1200EX 100kv Max system or a 150 Tecnai F20 Field Emission gun (FEG) TEM coupled with an X-ray energy dispersion 151 spectroscopy (EDS) detector from Oxford Instruments. For each sample, a minimum 152 of 100 particles from different randomly selected sample areas of multiple grids, 153 were used to calculate the size and shape measurements using Digital Micrograph 154 software (Gatan Inc, Pleasanton, CA, USA). The measured sizes were then 155 classified into intervals of 0.5 nm to construct particle size distribution histograms. 156 All AFM analyses were performed using an XE-100 AFM (Park systems Corp., 157 Suwon, Korea). The measurements were carried out in true non-contact mode using AgNPs in the water column at t = 0; that is C Ag = 0 at t = 0 for 0 < x <L, 2) 250 introduction of AgNPs at the top of the water column; that is C Ag = C 0 at t = 0 and x 251 =0, and 3) no flux at the bottom of the column; that is dC/dx= 0, at x=L. Using these 252 boundary conditions, the analytical solution of Eq 1 can be given by Eq 2: Where k is Boltzman constant (m 2 kg s -2 K -1 ), T is temperature (K), μ is medium 264 viscosity (kg m -1 s -1 ) and d is particle diameter (m). The sedimentation velocity is U 265 (m s -1 ), g is the gravitational force (m s -2 ), particle density is ρ ρ (kg m -3 ) and fluid 266 density is ρ f, (Hinderliter, Minard et al. 2010 ). These constant values are described in 267 To assess the stability and migration behavior of the PVP-AgNPs in UPW the model 19 parameters were optimized using the weighted sum of squared errors (Eq 5) to produce a best fit 20 using a 20 nm particle size and M Ag of 2.4 mg L -1 (Table 3 ). The decrease in M Ag from the starting 21 M Ag (4.3 mg L -1 ) reflects the potential losses of Ag during sampling and from sorption on to the 22 solid surfaces of the microcosm. The diffusion coefficient of the modeled particles was 21.5 X 10 -12 23 m 2 s -1 exceeding the sedimentation velocity of 0.21 X 10 -8 m s -1 (Table 2) , evidencing that diffusion 24 was the dominant migration process. The higher diffusion coefficient confirms diffusion dominated 25 migration and thus, the maintained stability of the PVP AgNPs when released into the UPW. 26 Furthermore, the small NP size (20 nm) used to produce the best fit for the modeled Ag 27 concentration is reflective of the PVP AgNP stability and is comparable to the 'as prepared' PVP- 28 AgNPs. In addition to the model parameters, the observed total Ag concentration profiles (also 29 presented in Figures 1A, 1B (Table SI .4) when 42 compared to the as prepared PVP-AgNPs prior to release and agrees with the model size fitting 43 parameters. The TEM imaging produced both qualitative and quantitative information which 44 underpins the model concentrations and the UV-vis data to provide strong evidence that PVP- 45 AgNPs remain stable in UPW. These results are also in agreement with previous findings for 46 small sterically-stabilized AgNPs in UPW(Liu and Hurt 2010), therefore diffusion dominated 47 transport was used to show accurate calibrations for the model. with TEM size analysis) and a M Ag of 2 mg L -1 . The optimized model sizes were also comparable 55 to the 'as prepared AgNPs'. The diffusion coefficient of 28.9 X 10 -12 m 2 s -1 was higher when 56 compared to the sedimentation velocity of 0.11 X 10 -8 m s -1 (Table 3 ). This information supports 57 that PVP AgNPs maintained stability and migrated through the microcosm columns via diffusion, in 58 a similar fashion to the behavior observed in UPW. 59 It is well documented in the literature that in simple aqueous environments AgNPs form 60 complexes with cholride chloride and sulfide ligands ( with a sedimentation velocity of 0.06 X 10 -8 m s -1 (Table 3 ). In agreement to the previous water 91 exposures (in UPW) for the PVP-AgNPs, a higher diffusion coefficient strongly suggests that 92 diffusion was the dominant process of migration. Furthermore, evidence to support particle stability 93 and diffusion dominated transport was shown by a maintained concentration gradient between 94 each depth of the mesocosm after 72 hours (days 3), where concentrations of Ag remained 95 comparable at 35 ± 12 µg L -1 for the duration of the study. Figure 2G , H and I show the UV-vis 96 absorbance peaks at 400 nm, although the SPR at 300 nm in 2H and 2I is due to interferences of 97 band tailing at 254 nm from the SRFA (USA,EPA, 2009, (Hendricks 2006) . UV absorbance 98 spectra show only the absorbance for SRFA is presented in Figure SI .11 (Supporting information). 99 Morphological observations of the PVP-AgNPs at 24 hours post release identified small 00 singular particles ( Figure 3E and 3F) sized at 11 ± 3 nm (Table SI .8) at the bottom sampling point. 01 Due to insufficient AgNP numbers for statistical relevance, it was not possible to determine size 02 from the surface sampling point. Nonetheless the reported sizes were comparable to those used 03 to produce a best fit from the model for our data, further confirming PVP-AgNP stability in MHW- 04 SRFA. 05 To conclude, it is likely that the overall stabilty of the PVP-AgNPs is due to the 06 thermodynamics of the high molecular weight structural complexity of PVP polymer forming a thick 07 layer that is strongly bound to the surface of the Ag atom (Kvitek, Panáček et al. 2008 ). Therefore, 08 compared to the citrate surface stabilizer, PVP is not sensitive to charge screening under the 09 influence of the simple electrolyte media, maintaining unaltered AgNPs ( 3.2 Behavior and transport of cit-AgNPs 16 17 The observed and modeled Ag concentration profiles for the cit-AgNP releases are presented in 18 Figure 4 for each water condition. The UV-vis profiles are presented in Figure 5 and 19 accompanying TEM imaging for each water condition is shown in Figure 6 . In contrast to the PVP-20 AgNPs (Figure 1) , the cit-AgNPs behavior and transport was media-dependant. 64  65  66  67  68  69  70  71  72  73  74  75  76  77  78  79  80  81  82 26 were fitted (Eq 2), using the weighted square of fitting errors (Eq 5) and the primary particle size of 95 10 nm with a M Ag of 4 mg. The particle size used was comparable within the error of the 96 measurements to the 'as prepared' cit-AgNPs and in agreement to the TEM sizing (Table SI .4). 97 The model accurately predicted the total Ag concentrations to identify strong correlations 98 between our observed and expected data using the Chi squared analysis (Eq 5), which were 99 comparable to the PVP-AgNP studies. Table 3 shows a high diffusion coefficient of the 10 nm 00 particles (43 X 10 -12 m 2 s -1 ) combined with a low settling velocity (0.05 X 10 -8 m s -1 ), indicating 01 diffusion orientated behaviour of small NPs in suspension. Dissolution of the AgNPs (Table SI. 3) 02 was observed after day 1 in each of the surface and bottom of the microcosms, by measuring 03 dissolved and particulate Ag (ultrafiltration). In the surface, the total Ag concentration accounted 04 for 85% AgNPs and 15% dissolved Ag, whereas, the Ag concentration on day 28 accounted for 05 63% AgNPs and 37% dissolved Ag. 06 The UV-vis spectra of cit-AgNPs in UPW shows a single absorption peak centered at 392 nm 07 ( Figures 5A, 5B When introduced to the MHW, the yellow/orange color of the cit-AgNPs immediately changed to 24 dark brown/orange. This became colorless as particles migrated and diluted through the columns 25 over the first 0.5 hours. In the presence of simple electrolytes, the visual color changes on release 26 are consistent with the aggregation of cit-AgNPs (Tejamaya, Römer et al. 2012) , (Zhang, Smith et al. 2012) . 27 The modeled concentration profiles for the cit-AgNPs released in MHW, did not fit with the 28 observed Ag concentrations when modeled with the primary particle size as described for the X10 -8 ms -1 , whereas the diffusion rate decreased to 4.9 X10 -12 m 2 s -1 (Table 3) Figure 4H and 4I) , show a systematic trend where the Ag concentration gradually 37 rises to reach a concentration max of 83 ± 15 µg L -1 at 336 hours (day 14) before falling to 40 ± 17 38 µg L -1 at 504 hours (day 21) and 30 ± 15 µg L -1 at 672 hours (day 28) as the Ag begins to settle. 39 The Ag concentration behavior is indicative of both dissolution and precipitation behavior (Table   40 SI.5), combined with sedimentation dominated AgNP transport (i.e. moving as a cloud of 41 aggregated AgNPs through the column). This concentration profile was not observed in the UPW 42 and MHW PVP-AgNP study, indicating surface coating dependent behavior, as well as media 43 dependent behavior. 44 After 14 days, the AgNP concentration accounted for only 54% for the total Ag in the surface 45 water. Similarly, AgNPs only contributed to 57% of the total Ag in the bottom at day 14, with the 46 number being slightly higher due to sedimentation. Reprecipitation of AgNPs was evident in the 47 surface water over time, as the AgNP concentration increased from 65% on day 21 to 71% on day 48 28 (Table SI .5), with no effects to the total Ag concentration. Differences in the cit-AgNP 49 concentration in the surface sampling point over the 28 day study were also accompanied by a 50 reduced SPR peak ( Figure 5D ), which is consistent with rapid aggregation of cit-Ag 
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These additional peaks were absent when cit-Ag NPs were released in UPW and for all PVP- 55 AgNP experiments. Furthermore, SPR peaks were only visible in MHW for 456 hours (19 days) in 56 the middle depth compared to 672 hours (28 days) in the UPW exposures, showing a decline in 57 AgNP concentration as they sediment and dissolve. 58 TEM imaging revealed that the cit-AgNPs in the surface MHW were 13 ± 5 nm after 24 hours 59 ( Figure 6C , Table SI .4) and the cit-AgNPs located at the bottom were significantly larger at 23 ± 23 60 nm (Table SI. CaCl 2 , MgCl 2 and NaCl 2 containging media ionic strenghts relevant to the present study (Akaighe, 81 Depner et al. 2012). 82 Coprecipitation with Cl of the AgNPs is also a possible mechanism that would result in 83 increased aggregation (Levard, Hotze et al. 2012 ). The results from the present study were also 84 similar to EDS profiles obtained by Ha and Payer (2011) who exposed Ag to a sodium chloride 85 solution (NaCl) and obtained AgCl complexes(Ha and Payer 2011). As citrate coated AgNPs are 86 electrostatically stabilized, they are therefore prone to aggregation by charge neutralization 87 caused by the electrolytes present in the MHW water(Bae, Hwang et al. 2013).
88
As described by the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory, the electrostatic 89 repulsion between two particles in conjunction with van der Waals attraction will determine particle 90 aggregation (Baalousha 2009 Using Eq 2, we were able to show the stabilizing effects of SRFA by fitting the model parameters 10 ( Figure 4G , 4H and 4I) using the weighted square of fitting errors (Eq 5) with a smaller particle size 11 of 12.7 nm, when compared to the MHW study absent of SRFA. The observed stabilizing effects 12 of cit-AgNPs exposed to low concentrations of NOM are also in agreement with previous 
